Hydroxycinnamoyl-CoA : tyramine N-(hydroxycinnamoyl) transferase (THT) is a pivotal enzyme in the synthesis of N-(hydroxycinnamoyl)-amines, which are associated with cell wall fortification in plants. The cDNA encoding THT was cloned from the leaves of UV-C treated Capsicum annuum (hot pepper) using a differential screening strategy. The predicted protein encoded by the THT cDNA is 250 amino acids in length and has a relative molecular mass of 28,221. The protein sequence derived from the cDNA shares 76% and 67% identity with the potato and tobacco THT protein sequences, respectively. The recombinant pepper THT enzyme was purified using a bacterial overexpression system. The purified enzyme has a broad substrate specificity including acyl donors such as cinnamoyl-, sinapoyl-, feruloyl-, caffeoyl-, and 4-coumaroyl-CoA and acceptors such as tyramine and octopamine. In UV-C treated plants, the THT mRNA was strongly induced in leaves, and the elevated level of expression was stable for up to 36 h. THT mRNA also increased in leaves that were detached from the plant but not treated with UV-C. THT expression was measured in different plant tissues, and was constitutive at a similar level in leaf, root, stem, flower and fruit. Induction of THT mRNA was correlated with an increase in THT protein.
Introduction
Plants have defense mechanisms that provide protection against a variety of environmental stimuli including biotic and abiotic stress. These defense mechanisms involve multicomponent response systems, such as induction of defense genes, production of pathogenesis-related (PR) proteins, accumulation of phytoalexin and the reinforcement of cell wall and cuticle (Enyedi et al. 1992 , Yoshikawa et al. 1993 .
These autonomous defense mechanisms are activated when extracellular signals, termed elicitors, are recognized by plant receptors and transmitted via intracellular signal transduction cascades to defense-related genes (Dixon and Lamb 1990) . Many studies have been carried out on the roles of PR proteins, resistance genes and phytoalexins. However, the process of cell wall strengthening is less well studied. Lignin is a major structural polymer in the cell wall that acts as a structural barrier. In addition to lignification of the cell wall as a defense mechanism, phenylpropanoid products play important roles in cell wall fortification by cross-linking the primary and secondary walls in response to pathogen attacks. A large portion of the phenylpropanoid substances are esters of the hydroxycinnamates, ferulate, and p-coumarate (Liyama et al. 1994) .
Hydroxycinnamoyl-CoA:tyramine N-(hydroxycinnamoyl) transferase (THT) is responsible for the synthesis of N-(hydroxycinnamoyl)-amines, such as N-feruloyltyramine and 4-N-coumaroyltyramine. THT activity was first discovered in Nicotiana tabacum leaves infected by tobacco mosaic virus (Negrel and Martin 1984) . It was also detected in N. glutinosa and Eschscholtzia california cell-suspension cultures, following elicitation by chitosan (Villegas and Brodelius 1990) . A gene encoding THT was recently cloned and the enzymatic characteristics of THT were investigated in detail (Farmer et al. 1999 , Schmidt et al. 1999 ). THT appears to be involved in the defense mechanism used by potato plants against pathogen attack (Hahlbrock and Scheel 1989) by promoting accumulation of cell-wall-bound phenolic amines such as N-feruloyltyramine and N-4-coumaroyltyramine (Clarke 1982) . Thus, it has been proposed that the aromatic compounds synthesized by THT are involved in cell wall strengthening. However, the precise role played by THT in cell wall strengthening is not yet known (Fig. 1) .
Our laboratory has been studying the defense mechanisms of Capsicum annuum in response to UV-C, wounding, and pathogen-derived elicitor. These include the synthesis of phytoalexin capsidiol (Back et al. 1998 ) and induction of MAP kinases (Shin et al. in press) . A series of genes have been identified which are induced in pepper plants by UV-C irradiation. These genes were isolated using differential screening of a cDNA library from UV-C treated leaves of pepper. This report describes the cloning and characterization of a pepper THT. The pepper cDNA was overexpressed in Escherichia coli, and its enzymatic characteristics were determined and compared with other THT enzymes.
Materials and Methods

Plant materials and stress treatment
Hot pepper plants (C. annuum cv. Subicho) were sown at 1 week intervals and grown in a growth chamber until the 8th or 10th leaf stage; leaves were detached from the plants and exposed to UV-C irradiation or wounding, as required. Detached pepper leaves were UV-C irradiated for 15 min using a Hitachi germicidal lamp (15W) at a distance of 20 cm. The detached leaves were wounded from the abaxial side by pressing with a round pipette tip (Eppendorf). Irradiated or wounded leaves were placed at 26°C in a Petri dish containing distilled water and maintained on a 16 h light/8 h dark cycle until harvesting. The control leaves were prepared similarly, but they were covered with aluminum foil during UV-C irradiation.
Differential screening of cDNA library and isolation of THT clone
A cDNA library was constructed with poly(A) + RNA from UV-C irradiated leaves of pepper as described previously (Back et al. 1998 ).
Probes to screen this library were prepared using cDNA from unirradiated or UV-C irradiated pepper plant leaves. Two identical filters were prepared carrying 5,000 plaques (Sambrook et al. 1989 ) and hybridized with the two different cDNA probes. Plaques hybridizing predominantly with the cDNA from UV-C irradiated leaves were selected for further screening. After secondary and tertiary screening, plaques of interest were excised in vivo according to the manufacturer's instruction (Strategene) and the excised plasmid was purified for further molecular analyses.
Isolation and analysis of nucleic acids
Total RNA was extracted using TRI REAGENT (Sigma, U.S.A.). Total RNA (10 mg) was fractionated on a 1.0% agarose gel containing formaldehyde using 20 mM MOPS [3-(N-morpholino)-propanesulfonic acid] as electrophoresis buffer. The gel was blotted to a nylon membrane and hybridized with a THT DNA probe generated by PCR with the forward primer 5¢-d(CATACCATGGCTTCTGCTCCT)-3¢ (amino-terminal sequence), and reverse primer 5¢-d(GTGCTCGA-GACAGCTTCCTGCACC)-3¢ (carboxy-terminal sequence). Equal loading of RNA samples was confirmed by ethidium bromide staining of the gel prior to blotting. Genomic DNA was isolated using the DNAzol ES (Molecular Research Center, U.S.A.). Five mg of genomic DNA was digested with restriction enzymes, size-fractionated by electrophoresis in an 0.8% agarose gel, and blotted to nylon membrane (Nylon 66 plus, Pharmacia Biotech). Hybridizations were performed as previously described (Back et al. 1998) .
Bacterial expression studies and enzyme purification pET28(b) (Novagen, WI) was employed to develop an E. coli expression system for pepper THT. The full length THT gene was amplified by PCR using 5¢-d(CATACCATGGCTTCTGCTCCT)-3¢ as the forward primer (NcoI restriction sites undelined and the translation start codon in bold), 5¢-d(GTGCTCGAGACAGCTTCCTGCACC)-3¢ (XhoI site underlined) as the reverse primer, and the cDNA harboring the THT gene as template. The PCR product was digested with NcoI and XhoI, gel purified, and ligated into the same restriction sites in pET28(b) in frame. The construct yielded a recombinant protein with a carboxy-terminal histidine-tag and used the translation stop codon of the vector. The DNA sequence adjacent to subcloning sites was determined using the dideoxynucleotide chain termination method with Sequenase (Amersham). E. coli BL21(DE3) was used as host strain for pET28(b) containing the THT gene. Cell culture and purification procedures were previously described (Mathis et al. 1997) . In brief, 100 ml of Terrific Broth medium supplemented with 50 mg ml -1 kanamycin (Sambrook et al. 1989 ) was employed for affinity purification. After 3 h incubation with 0.3 mM IPTG at 28°C, cells were collected by centrifugation (5,000´g for 5 min at 4°C), and further purification steps by Ni-NTA column was performed according to the manufacturer's recommendations (His-Bind Kit, Novagen). The protein was eluted with 1 M imidazole and reconstituted with 20 mM Tris-HCl (pH 7.0), 10 mM MgCl 2 using a Ultrafree-4 Centrifugal Filter (Millipore). The final sample was adjusted to storage buffer (10 mM Tris-HCl (pH 7.0), 5 mM MgCl 2 , and 50% glycerol), and stored at -20°C.
Substrate specificity analyses
Analyses of substrate specificity of the purified His-tagged protein was performed as described by Schmidt et al. (1998) .
Antibody preparation and immunoblot analysis
A polyclonal mouse antiserum was raised against purified THT protein (BoDiTech, Korea). Leaves (0.2 g) were homogenized in a mortar and pestle with 1 ml extraction buffer (80 mM Tris/HCl (pH 7), 20% glycerol, 10 mM sodium metabisulfite, 10 mM sodium ascorbate, 15 mM MgCl 2 , 1% PVP) and 1/10th tablet of complete protease inhibitors (Complete, Mini, Boehringer Mannheim, Germany). The extracted samples were centrifuged for 40 min at 16,000 rpm at 4°C, and the supernatants were utilized for protein analysis. Soluble protein (50 mg) was separated by SDS-PAGE. After electrophoresis in an 11.5% (w/v) acrylamide/bis gel, proteins were transferred to a PVDF membrane and immunodetected with THT polyclonal antibodies. The Western Blotting Kit (Boehringer Mannheim, Germany) was used for processing the immunoblot.
Results
Molecular cloning and characterization of a THT gene by differential screening
A cDNA library was constructed with poly(A) + RNA from UV-C irradiated leaves of pepper as described previously (Back et al. 1998 ). Probes to screen this library were prepared and labeled using mRNA from unirradiated or UV-C irradiated pepper plant leaves. The cDNA library was subject to differential screening with these two probes and one out of 20,000 plaques was identified that hybridized preferentially with probe from UV-C irradiated pepper leaves. The pepper DNA insert in the phage of interest was recovered as a plasmid by in vivo excision, and the plasmid was subject to molecular analyses.
The DNA sequence of the pepper cDNA clone includes a 1,066 bp fragment with a 64 bp 5¢-untranslated region, a 753 bp open reading frame and a 249 bp 3¢ untranslated region (Fig. 2) . The largest open reading frame is 753 bp (assigned by DNASIS program, Hitachi) which encodes a 250 amino acid protein with a predicted molecular mass of 28,221. The sequence context of the translation initiation site of the cDNA clone (CAUACCAUGGCU) is highly similar to the plant consensus sequence for translation initiation UAAACAAUGGCU (Joshi 1987) . The 249 bp of 3¢ untranslated region is quite similar in size to the average 240 bp of 3¢-untranslated region in plant mRNAs (Pesole et al. 1997) . There is no AAUAAA consensus polyadenylation signal in the 3¢ untranslated region, but AAUACA was located -45 upstream from the polyadenylation site. Two possible far-upstream elements for polyadenylation were found at -105 (UAUGUGUA) and -195 (UAAUUUC-GUA) upstream of the polyadenylation site (Hunt 1994) . The nucleotide sequence of the cDNA clone was compared with the GenBank database by a BLAST search, and the results indi- cate that this pepper DNA clone shares 67% and 81% identity with tobacco and potato THT genes, respectively (Farmer et al. 1999 , Schmidt et al. 1999 ). The predicted polypeptide shares 67% and 76% amino acid identity with tobacco and potato THT proteins, respectively (Fig. 3) . The high level of homology with THT from other plants suggests strongly that this cDNA from pepper also encodes a THT.
Induction of THT mRNA in response to wounding and UV-C
THT mRNA expression is induced in leaves by detached wounding (control) and UV-C treatment, but the level and kinetics of induction are different (Fig. 4) . THT mRNA peaks 24 h after wounding of detached leaves and then begins to decrease. In contrast, THT mRNA is induced more rapidly and to a higher level by UV-C than by wounding; expression of THT reaches a maximum 9 h after exposure, and is maintained at a high level until 36 h after UV-C treatment.
Tissue-specific expression of THT mRNA
Total RNA was isolated from different parts of the hot pepper plant and THT expression was quantitated by hybridization to a THT probe. Fig. 5 shows that THT mRNA is expressed constitutively at a similar level in all tissues analyzed, but expression of THT is slightly higher in root than in other tissues.
Bacterial expression and purification of the cDNA clone
To verify that the pepper cDNA encodes a protein with THT activity, a histidine-tagged recombinant form of pepper THT was synthesized in E. coli, purified using affinity chromatography and characterized. The THT expression construct was prepared by inserting the full length cDNA without a stop codon into the pET28(b) bacterial expression vector. The insert was inserted in frame so that a hexa-histidine tag was added to the carboxy-terminus of the protein. Fig. 6 shows the expression and purification of recombinant pepper THT in E. coli; total and soluble protein before or after induction with IPTG is shown. The expression of recombinant THT is not highly induced by IPTG. However, the His-tagged THT protein accounts for 30-40% of the total soluble E. coli protein when judged by densitometry of the Coomassie blue-stained gels. A single step affinity purification was achieved using a Ni-NTA column. The yield of His-tagged protein is approximately 0.5 to 0.7 mg per 0.1 liter of culture. This represents 2.7 to 3.8% yield during purification of pepper THT from total soluble E. coli protein.
Kinetics of the purified His-tagged THT protein
The substrate specificity of purified His-tagged pepper THT was investigated using a series of cinnamoyl-CoA esters as acyl donors and amines as acceptors, and the results are summarized in Table 1 . Reaction velocity (V max ) was measured using multiple acyl donors as substrates. V max for recombinant pepper THT was highest for cinnamoyl-CoA (251 mkat kg -1 ), followed by sinapoyl-CoA (84 mkat kg -1 ), feruloyl-CoA (82 mkat kg -1 ), caffeoyl-CoA (44 mkat kg -1 ) and 4-coumaroylCoA (16 mkat kg -1 ). As for amines as acceptors, tyramine was the preferred substrate (66 mkat kg -1 ) over octopamine (45 mkat kg -1 ) when feruloyl-CoA was used as acyl donor.
Induction of the pepper THT polypeptide
The kinetics of induction of the THT protein after wounding or UV-C treatment of plant leaves is shown in Fig. 7A . THT protein expression is induced to a similar level in detached pepper leaves (control) and in detached leaves subjected to mechanical wounding. However, UV-C irradiation of detached leaves strongly increases THT polypeptide expression to a level approximately 10-fold higher than the detached control. Induction of THT polypeptide and THT mRNA were correlated in UV-C treated plant leaves. The spatial expression of THT protein in the pepper plant is shown in Fig. 7B . A relatively low level of THT expression was observed in stem, but leaf, root, flower and fruit express THT polypeptide at a similar level. A slower migrating band was seen consistently in samples from fruit (upper band), and this protein may be a THT isozyme or a homologous enzyme.
Discussion
In Solanaceous plants, pathogen attack, wounding and exposure to ozone induce synthesis of hydroxycinnamic acid amides of tyramine , Schraudner et al. 1993 . These amides are often associated with the cell wall and may function as a phenolic barrier to make cell walls more resistant to enzymatic degradation. In addition, hydroxycinnamic acid formed with tyramine and various other amines accumulate as soluble constituents and are widespread in higher plants. Possible roles have been suggested for hydroxycinnamic acid amides in plant growth development or antimicrobial/antiviral effects (Martin-Tanguy 1985) ; however, the exact function of these amides is as yet unknown.
The THT gene encodes an enzyme responsible for the synthesis of hydroxycinnamic acid amides of tyramine. In this study, the cloning and characterization of pepper THT is reported. THT genes have also been cloned from tobacco and potato. It is of interest to note that the pattern of expression of THT differs in these plants. The potato THT mRNA is present in root but absent in other tissues (Farmer et al. 1999) . In tobacco plants, THT mRNA was detected in root and at a lower level in other tissues. In contrast, expression of THT mRNA is not restricted to root in pepper plants, but is constitutively expressed in leaf, stem, flower and fruit at a relatively high level. Constitutive expression of pepper THT polypeptide was also observed in all tissues analyzed.
The purified pepper THT protein has a distinct substrate specificity. For example, tobacco and maize THT prefer feruloylCoA and tyramine as acyl donor and acyl acceptor, respectively Javelle 1997, Ishihara et al. 2000) . In contrast, potato THT prefers cinnamoyl-CoA followed by feruloyl-CoA as acyl donors and prefers tyramine as acyl acceptor (Schmidt According to the immunohistochemical localization study reported by Yu and Facchini (1999) , the THT polypeptides were abundant in conductive elements of the phloem and the xylem during secondary wall deposition. Therefore, it is suggested that the hydroxycinnamic acid amides synthesized by the THT enzyme(s) that are present in soluble fraction are subsequently incorporated into the cell wall fraction by cell wall peroxidase (Negrel and Lherminier 1987) .
UV-C, a biologically irrelevant form of solar UV radiation, is an abiotic elicitor that triggers the defense response in plants such as rice and tobacco (Back et al. 2000 , Brederode et al. 1991 , Kodama et al. 1992 , Kato et al. 1993 ) and activates the JNK and ERK MAP kinases in yeast and melanoma cells (Davis 1994 , Adler et al. 1995 . It has been known that UV-C exposure for long time leads to extensive leaf damage (Brederode et al. 1991) . In our prior experiments, however, UV-C irradiation of pepper leaves leads to the induction of sesquiterpene cyclase followed by subsequent production of phytoalexin capsidiol (Back et al. 1998 ) without visible damage of pepper leaves and a strong induction of pepper MAP kinase as wounding did (Shin et al. in press) . Likewise, the induction of pepper THT enzyme in response to UV-C and wounding is thought to be closely associated with the subsequent synthesis of hydroxycinnamic acid amides that could act as healing compounds or a phenolic barrier against cell wall damage. However, the close correlation between induction of THT enzyme and accumulation of hydroxycinnamic acid amides in cell wall have to be further investigated in UV-C and wounding treated pepper. It is hoped that other THT genes will be cloned by homology or antibody cross-reactivity in the near future; the availability of more THT gene family members will provide many opportunities for understanding the enzymatic characteristics of THT in detail. Also, construction of transgenic plants that overexpress THT will be useful to analyze the roles of THT and hydroxycinnamoyl amines in vivo.
